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Age-related macular degeneration (AMD) is a leading cause of
visual dysfunction worldwide. Amyloid β (Aβ) peptides, Aβ1–40
(Aβ40) and Aβ1–42 (Aβ42), have been implicated previously in the
AMD disease process. Consistent with a pathogenic role for Aβ, we
show here that a mouse model of AMD that invokes multiple fac-
tors that are known to modify AMD risk (aged human apolipopro-
tein E 4 targeted replacement mice on a high-fat, cholesterol-
enriched diet) presents with Aβ-containing deposits basal to the
retinal pigmented epithelium (RPE), histopathologic changes in
the RPE, and a deficit in scotopic electroretinographic response,
which is reflective of impaired visual function. Strikingly, these
electroretinographic deficits are abrogated in a dose-dependent
manner by systemic administration of an antibody targeting the
C termini of Aβ40 and Aβ42. Concomitant reduction in the levels
of Aβ and activated complement components in sub-RPE deposits
and structural preservation of the RPE are associated with anti-
Aβ40/42 antibody immunotherapy and visual protection. These
observations are consistent with the reduction in amyloid plaques
and improvement of cognitive function in mouse models of
Alzheimer’s disease treated with anti-Aβ antibodies. They also im-
plicate Aβ in the pathogenesis of AMD and identify Aβ as a viable
therapeutic target for its treatment.

Age-related macular degeneration (AMD) affects about 30%
ofAmericans over 70 y of age (1–3) and is the leading cause of

irreversible blindness in the Western world (4). It is a progressive
retinal degenerative disease influenced by both environmental and
genetic factors. Although the presence of a few small hard drusen
is a normal, nonvision-impairing part of aging, the deposition of
large diffuse drusen in the macula adversely impacts vision and is
indicative of early AMD. As AMD progresses to late-stage dis-
ease, it is categorized as either dry [geographic atrophy with
photoreceptor loss and extensive atrophy of the retinal pigmented
epithelium (RPE)] or wet [exudative with subsequent choroidal
neovascularization (CNV)] (5). Currently, there are no effective
treatments for early AMD, and treatments for late-stage disease
are limited to photodynamic therapy, macular translocation, and
antivascular endothelial growth factor drugs (6–9).
The strongest known risk factors are advanced age and cigarette

smoking, with additional risk conferred by body mass index and
diets high in fat (1, 10–14). The last decade has also yielded strong
evidence that genotype, especially for genes involved in in-
flammation and the innate immune system, influences AMD risk
and progression. Genes implicated as risk factors include com-
plement factor H (CFH) (15–18), complement factor B (19),
complement C3 (20), apolipoprotein E (APOE) (21–25), toll-like
receptor 4 (26), LOC387715/ARMS2 (27, 28), HTRA1 (29, 30),
ABCA4 (31), and fibulin 5 (32). Additional support for a role for
chronic local inflammation inAMDcomes from the discovery that
protein components of drusen include activated components of

the complement system (e.g., C3b and C5b-9), molecules involved
in the acute-phase response to inflammation (e.g., amyloid P
component), and proteins that modulate the immune response
[e.g., CFH, vitronectin, clusterin/apolipoprotein J, apolipoprotein
E (apoE), and amyloid β (Aβ)] (33–36).
Abnormal extracellular deposition of proteins may contribute

to AMD pathogenesis and progression, which is the case in
Alzheimer’s disease and atherosclerosis. It is noteworthy that
their respective pathophysiological deposits contain many shared
constituents such as apoE, complement, and Aβ peptides. For
instance, in human AMD, Aβ peptide deposition is associated
with drusen, where it accumulates and colocalizes with activated
complement components (37–39). Luibl et al. (40) showed the
presence of potentially toxic amyloid oligomers in drusen, sub-
RPE basal deposits, and RPE of human donor eyes using an
antibody that specifically recognizes the oligomeric form of Aβ.
These Aβ oligomers were not detected in control age-matched
donor eyes without drusen. Isas et al. (41) also detected soluble
as well as mature Aβ fibrils in drusen. Collectively, these findings
implicate Aβ in the pathogenesis of AMD. In addition, we
detected Aβ peptide in sub-RPE basal deposits and neovascular
lesions in a murine model of AMD (42, 43). In this model, aged
human APOE4-targeted replacement mice (APOE4 mice) fed
a high-fat, cholesterol-enriched (HFC) diet (APOE4-HFC mice)
exhibit morphologic hallmarks observed in both dry and wet
AMD. These hallmarks include thick diffuse sub-RPE deposits,
lipid- and protein-containing focal drusen-like deposits, thick-
ening of Bruch’s membrane, patchy regions of RPE atrophy
opposed to areas of photoreceptor degeneration, and CNV (43).
We hypothesized that, in the APOE4-HFC mouse model of

AMD, Aβ accumulation provokes damage at the level of the
RPE/choroid and previously showed that systemic administration
of anti-Aβ40–specific antibodies can partially attenuate the de-
cline in visual function exhibited in this model (42). Herein, we
show that anti-Aβ immunotherapy simultaneously targeting both
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Aβ40 and Aβ42 blocks histopathologic changes and completely
protects visual function in APOE4-HFC mice. This finding rep-
resents proof of principle evidence that targeting Aβ through
systemic administration of anti-Aβ antibodies may be a promis-
ing therapeutic strategy for human AMD.

Results
Aβ Antibodies. Aβ-specific antibodies were generated by immu-
nization with peptides containing the C-terminal amino acid
sequence of Aβ40 or Aβ42 and screened for binding activity
against Aβ40 and Aβ42. As a result, monoclonal antibodies
specific for Aβ40 and Aβ42 and bispecific for Aβ40/42 were
identified (Fig. S1 A and B). Epitope mapping for the Aβ40/42-
bispecific antibody using a series of overlapping peptides cover-
ing the C-terminal one-half of Aβ (Fig. S1C) showed amino acids
25–34 to be minimally required for binding. In separate experi-
ments, we found that extension of the minimal Aβ epitope to
include residue 40 also enhances the binding affinity. Because
the epitope of the Aβ40/42-bispecific antibody lies partly within
the transmembrane domain of human amyloid precursor protein
(hAPP) (Fig. S1D), this antibody was not expected to bind full-
length, uncleaved hAPP exposed on the cell surface. Indeed, in
contrast to the N-terminal anti-Aβ monoclonal antibody (6E10,
1:1,000; Signet Laboratories), which also binds full-length hAPP
(Fig. S1E), the C-terminal Aβ40/42 antibody displayed no bind-
ing to cell-surface hAPP (Fig. S1F).

Anti-Aβ Immunotherapy Protects Against Loss of Visual Function and
Retinal Damage. Initial support for the hypothesis that Aβ accu-
mulation damages the eye was derived from studies testing the
efficacy of anti-Aβ40 antibodies in preventing retinal damage in
the APOE4-HFC model (42). Anti-Aβ40 administered at 3 mg/kg
intraperitoneally weekly for 8 wk coincident with administration
of HFC diet to 65-wk-old APOE4 mice partially protected the
animals from loss of visual function and RPE damage (42). Be-
cause the anti-Aβ40 therapy alone did not yield complete pro-
tection, two additional anti-Aβ antibodies, one targeting Aβ42
specifically and the other targeting both Aβ40 and Aβ42, were
used here in the same experimental paradigm. To minimize the
antibody constant region (Fc) effector function, these antibodies
were either enzymatically deglycosylated (anti-Aβ42 or -Aβ40)
(42) or mutated in the Fc region (anti-Aβ40/42) to eliminate
binding to Fcγ receptors or complement C1q. Consequently,
these antibodies were devoid of complement fixation activity or
antibody-dependent cell-mediated cytotoxicity (44–48).
Visual function was monitored by analysis of b-wave electro-

retinograms (ERGs), a reliable measure of retinal activity and
visual function (49). As we have previously shown (42, 50), the
scotopic b-wave amplitudes in ERGs from affected APOE4-HFC
mice are significantly reduced compared with controls. Re-
markably, no attenuation in b-wave amplitude is detectable in
the APOE4-HFC animals treated with anti-Aβ40/42 antibody;
their ERGs are indistinguishable from age-matched, normal diet
control APOE4 mice (Fig. 1A). The anti-Aβ40 antibody produces
a lesser degree of protection similar to that observed in our
previous study (42), whereas there is no statistically significant
preservation of the b-wave amplitude in the anti-Aβ42–treated
APOE4-HFC mice (Fig. S2A). Similar trends were observed in
the a-wave amplitudes, reflecting the light responses of photo-
receptors (Fig. S2B). To distinguish whether the reduction in
b-wave amplitudes originated from impairment of photoreceptor
activity or through impairment of bipolar cell function, we per-
formed additional analysis of the ERGs. Comparison of b-wave
and a-wave amplitude ratios at given flash intensities revealed
that they are the same for control APOE4-ND and anti-Aβ40/42
antibody- and vehicle-treated APOE4-HFC animals over the
range of applied flash intensities (Fig. S2C). This finding indi-
cates that the attenuations in a- and b-wave amplitude are pro-

portional and therefore, are attributable to light activity in
photoreceptor cells (51). Analysis of the rod- vs. cone-driven
components of the b-wave stimulus-response curves (51) shown
in Fig. 1A shows that only rod-driven b-waves were attenuated in
the affected APOE4-HFC mice, further localizing the visual
function deficit to rod photoreceptors (Fig. S3).
Histological evaluation of sections of whole eyes through the

optic nerve head revealed pathologic changes in the RPE and the
presence of sub-RPE deposits in APOE4-HFC mice. RPE le-
sions are exemplified by vacuolization, pyknosis, hyper- and hypo-
pigmentation, and infiltrating microglia. Morphologic analysis
revealed that damage in theRPE is significantly less pronounced in
the APOE4-HFC animals treated with the anti-Aβ40/42 antibody
compared with any of the otherAPOE4-HFC groups (Fig. 1 B–F).
Ultrastructural analysis of the RPE and Bruch’s membrane con-
firmed Bruch’s membrane thickening and sub-RPE deposit for-
mation in the APOE4-HFC animals and the absence of these
pathologic changes in the anti-Aβ40/42 antibody-treated APOE4-
HFC and normal control APOE4-ND animals (Fig. 1 G–I).
We quantified RPE damage in APOE4-HFC mice by immu-

nostaining RPE flat mounts with an antibody to the tight junction
protein, zona occludens 1 (ZO-1), staining nuclei with Hoechst
33342, and analyzing the images for RPE size, integrity, and
number using the Duke Ophthalmic Cell Analysis Program
(DOCAP) that was developed by our group (Fig. 2). RPE cells
were enlarged and frequently observed to be multinucleate in ve-
hicle-treated APOE4-HFC mice compared with control APOE4-
NDandanti-Aβ40/42 antibody-treatedAPOE4-HFCanimals (Fig.
2 A–C). To quantify these changes in RPE cells, the area of each
RPE cell in flat-mount images from all groups was plotted (Fig.
2D). The distribution of the normal RPE cell areas fell within two
peaks that closely matched (R2 = 0.9961, AR2 = 0.9959) a double
Gaussian model (Fig. 2D, dashed blue line) corresponding to two
RPE cell populations, one consisting of smaller cells with a single
nucleus and a second consisting of larger binucleate cells. Affected
RPE cells with areas larger than that predicted by our theoretical
model (Fig. 2D, red trace) were compared among experimental
groups. Specifically, cell areas of 22,495 cells in 23 images of the
central RPE from 17 mice were measured from the three groups
(APOE4-ND, APOE4-HFC, and APOE4-HFC treated with 3 mg/
kg anti-Aβ40/42). The threshold of large cells is shown in the graph
(Fig. 2D). Based on this threshold, the area occupied by large cells
in each group (as a percent of total area) was determined (sum-
marized in Fig. 2E). Quantitative morphometric analysis revealed
a statistically significant increase in the numberof abnormally large
RPE cells in the APOE4-HFC animals (mean large-cell area ratio
percent of 16 ± 5% SD) compared with the control APOE4-ND
(4 ± 2%). Strikingly, this abnormal RPE cell enlargement is greatly
reduced in the anti-Aβ40/42–treated APOE4-HFC animals (6 ±
3%), almost to the number detected in the APOE4-ND control
RPE cells (Fig. 2E). Comparisons of different regions of RPE flat
mounts revealed that there is also a central to peripheral gradient
of RPEdamage inAPOE4-HFCmice, where central RPE damage
is more severe.
RPE flat mounts of human donor eyes were also analyzed. In

contrast to mouse RPE cells, which are largely binucleate, pre-
vious studies have shown that only about 3% of human RPE cells
are binucleate (52, 53). Examination of RPE flat mounts from
human donor eyes with and without documented AMD revealed
similar RPE abnormalities to those abnormalitites found in the
affected APOE4-HFC mouse eyes. Examination of nine donor
eyes, four with AMD (Table S1), revealed that, in the peri-
macular region of AMD eyes, multinucleate RPE cells were
more common, and RPE cell area was consistently larger than in
the donor eyes without history of ocular disease (Fig. 3), similar
to changes seen by Al-Hussaini et al. (54).
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Anti-Aβ Immunotherapy Reduces Ocular Aβ Deposits. We previously
documented the presence of Aβ in sub-RPE deposits and cho-
roidal neovascular lesions in APOE4-HFC mice (42, 43). ApoE,
a major component of sub-RPE deposits and drusen in human
eyes (55), is also a component of the basal deposits that form in
the APOE4-HFC mice (56). In the current study, Aβ (rabbit anti-
rodent Aβ, 39153; Signet) was again detected in apoE-containing
(goat anti-human apoE; Calbiochem) basal deposits in the
APOE4-HFC eyes, but it was notably absent from deposits in the
anti-Aβ40/42–treated APOE4-HFC eyes (Fig. 4). This observa-
tion is consistent with the notion that Aβ is removed from sub-
RPE deposits, leading to increased systemic levels as a conse-
quence of the anti-Aβ40/42 therapy, which is detailed below.

Complement Deposition in APOE4-HFC Mice. Activated complement
was detected in small patches associated with sub-RPE deposits in
APOE4miceusing amonoclonal antibody that detectsC3 cleavage
fragments: C3b/iC3b/C3c (clone 2/11 fromHyCult Biotechnology)
(57) (Fig. 5). Some C3 colocalizes within apoE-defined basal
deposits (Fig. 5B andC), whereas additional C3 immunoreactivity
does not colocalize (Fig. 5A). A reduction in C3 fragment immu-
noreactivity is observed in anti-Aβ40/42–treated APOE4-HFC
mice compared with untreated APOE4-HFC animals.
Activated complement was also quantified in plasma obtained

from normal control APOE4-ND, affected APOE4-HFC, and
anti-Aβ immunotherapy-treated APOE4-HFC animals using an

ELISA for C3a/C3a desArg (Fig. 5D). HFC diet alone was as-
sociated with a statistically significant increase in complement
activation, which was measured as elevated C3a plasma levels,
although a wide range of plasma concentrations was detected.
The plasma C3a levels in the immunotherapy-treated animals
were not significantly different from those levels in the untreated
APOE4-HFC group, suggesting that there is no systemic inhibition
of the complement pathway by anti–Aβ40/42 therapy.

Plasma Aβ Concentrations Increase with Anti-Aβ Immunotherapy.
One mechanism by which passive immunotherapy mediates am-
yloid clearance inAlzheimer’s disease is thought to be through the
net efflux ofAβ from the brain to the plasma, which is facilitated by
systemic anti-Aβ antibodies acting as a peripheral sink and pre-
venting additional amyloid deposition in the brain (58). PlasmaAβ
levels increase in response to passive immunotherapy againstAβ in
animal models of Alzheimer’s disease (58–61). To determine if
circulating Aβ levels increase as a consequence of anti-Aβ im-
munotherapy in the APOE4-HFC mice, plasma Aβ levels were
measured and compared with plasma levels of circulating anti-Aβ
antibodies. High comparable concentrations of all three anti-Aβ
antibodies were achieved in the plasma of antibody-treated
animals (Fig. S4A), and plasma levels of total Aβ (bound and
unbound)were substantially elevated inmice treatedwith the anti-
Aβ40 or anti-Aβ40/42 antibodies (Fig. S4B) but not in anti-Aβ42–
treated animals. These results are consistent with the peripheral

Fig. 1. Visual function and retinal pigmented epithelium (RPE) histology are protected in anti-Aβ40/42–treated APOE4-HFC mice. (A) Scotopic ERG flash
responses. Stimulus response curves of b-wave amplitudes. Baseline ERGs obtained fromnormalAPOE4-ND controls (black, ND) andaffectedAPOE4-HFC vehicle-
treated controls (green, HFC). b-Wave amplitudes are fully preserved inAPOE4-HFCmice that receivedweekly 3mg/kg i.p. anti-Aβ40/42 antibody injections (red,
HFC-anti Aβ40/42), with no significant difference fromAPOE4-ND controls. Data are expressed asmean± SEM. (B–F) Lightmicroscopic images showing the outer
segment/RPE/choroid interface in toluidine blue-stained sections fromeyes of agednormal andHFC-fedAPOE4mice after immunotherapy. Themorphologies of
the RPE in the normalAPOE4-ND controlmice (B) andAPOE4-HFCmice injectedwith anti-Aβ40/42 (3mg/kg;D) seemnormal, whereas RPE in the vehicle- (C), anti-
Aβ40– (E), andAβ42- (F) treatedAPOE4-HFCmice exhibits damage, including large vacuoles (asterisks inC), hypo- andhyperpigmentation (arrowheads inC), and
basal deposits and amorphous debris (arrows in C). (Scale bar: 10 μm.) (G–I) EMs of the interface between RPE and Bruch’s membrane in APOE4mice. RPE basal
infoldings (left bracket) andBruch’smembrane thickness (right bracket) appear normal in the anti-Aβ40/42–treated eye (I) comparedwith the normalAPOE4-ND
control mice (G). In contrast, in the HFC-fedAPOE4mice (H), Bruch’s membrane is thicker, and there are thick basal deposits with electron densematerial among
the basal infoldings (arrowheads in H). (Scale bar: 1 μm.) OS, outer segments; CC, choriocapillaris; BrM, Bruch’s membrane.

Ding et al. PNAS | July 12, 2011 | vol. 108 | no. 28 | E281

M
ED

IC
A
L
SC

IE
N
CE

S
PN

A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1100901108/-/DCSupplemental/pnas.201100901SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1100901108/-/DCSupplemental/pnas.201100901SI.pdf?targetid=nameddest=SF4


sink hypothesis and provide a potential explanation of why the
anti-Aβ42–treated animals were afforded little protection from
Aβ-mediated RPE damage and vision loss.

Protection by Anti-Aβ40/42 Immunotherapy Is Dose-Dependent. We
conducted a dose-response study on the bispecific anti-Aβ40/42
antibody in APOE4-HFC mice. Anti-Aβ40/42 was systemically
administered weekly for 8 wk at 0-, 0.03-, 0.3-, and 3-mg/kg doses.
ERGs confirmed a decrease in the b-wave amplitude in affected
APOE4-HFC mice (0 mg/kg; vehicle injected) compared with the
APOE4-ND controls (Fig. 6A). Like the findings already detailed,
visual function was protected in APOE4-HFC mice that received
the 3-mg/kg dosing of anti-Aβ40/42, but there was no statistically
significant preservation of b-wave amplitudes at the 0.03- or 0.3-
mg/kg dose levels (Fig. 6A). An antibody dose-dependent increase
in plasma levels of Aβ (Fig. 6B) that corresponded to the plasma
levels of the anti-Aβ40/42 antibody was again documented (Fig.
6C). Notably, the lower antibody doses were not sufficient to
protect from visual function impairment, suggesting that there is
a lower threshold of antibody concentration for effective pro-
tection. Interestingly, there was a small but statistically significant
(P=0.039) increase in the plasmaAβ levels of theHFC-fed group

comparedwith the age-matched normal control groupmaintained
on a normal diet (Fig. 6B, asterisk).

Discussion
Our current results show that antibody-based removal of Aβ
from sub-RPE deposits in the APOE4-HFC model of AMD
eliminates loss of visual function. A pathogenic role for Aβ in
AMD was first proposed by Johnson et al. (39), who formulated
the Aβ hypothesis of AMD. It was based in large part on the
immunohistochemical colocalization of Aβ with activated com-
plement components in sub-RPE deposits in human AMD donor
eyes. Human RPE cells and retinal neurons express amyloid
precursor protein (APP) and likely provide a local ocular source
of amyloid peptides (39). Expression of APP, β-secretase, and
neprilysin (a peptidase that degrades Aβ) and localization within
the mouse RPE also have been shown (62). Moreover, in sen-
escent neprilysin KO mice, Aβ accumulates in association with the
RPE and Bruch’s membrane, RPE vacuolization and damage is
observed, and sub-RPE deposits are formed (62).
In the APOE4-HFC model of AMD, multiple factors that are

known to modify AMD risk combine to manifest an AMD phe-
notype with striking concordance with human disease, exhibiting

Fig. 2. Morphometric analysis of APOE4 RPE flat mounts. (A–C) Confocal fluorescence images of flat mounts of the central RPE from (A) a normal 80-wk-old
APOE4-ND mouse, (B) an age-matched affected APOE4-HFC mouse, and (C) an anti-Aβ40/42–treated APOE4-HFC mouse stained with Hoechst 33342 (blue) and
anti–ZO-1 (green) and imaged RPE apical side upwith the neural retina removed. (A) Anti–ZO-1 labeling of tight junctions reveals typical hexagonal shape of RPE
cells, which are also largely binucleate in normalAPOE4-NDmice. InAPOE4-HFCmice (B), there aremanymore enlarged andmultinucleate cells, whereas normal
RPEmorphology is largelymaintained in theanti-Aβ40/42–treatedAPOE4-HFCmice (C). (Scalebar: 100 μm.) (D) Graphof cell areaof 22,495 cells from23 images of
the central RPE from 17mice in the three groups represented inA–C. The solid red line represents the normalized distribution of cell areas, which include areas of
normal cells and abnormally large cells. Normalmouse RPE cellsmayhave oneor twonuclei. Positing that the normal cells with onenucleus and twonuclei would
each have a normal distribution with a different mean and variance, the area distribution of the normal cells can be modeled by a double Gaussian curve. The
dashedblue line represents the theoretical distributionof thenormal cell areawhen this doubleGaussianmodelwasfitted to thedata.Next, basedon thismodel,
the theoretical minimum size of the abnormally large cells was defined. The threshold of abnormally large cells was selected as the smallest area, with predicted
distribution of less than 1 of 22,496 cells. (E)Morphometric analysis confirmed that therewas a statistically significant increase in the percent of abnormally large
RPE cells per unit area in vehicle-treated APOE4-HFC animals compared with normal APOE4-ND control mice (Student t test; ***P < 0.00001). In contrast, the
percent of abnormally large cells in the anti-Aβ40/42–treatedAPOE4-HFCmicewas reduced to near normal levels thatwere not statistically distinguishable from
those levels of control APOE4-ND mice (P = 0.1136). Error bars represent SD (n.s., not significant).
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age-dependent development of sub-RPE deposits and CNV
(43, 63). Disease-associated changes observed include sub-RPE
deposits that are immunopositive for Aβ, complement compo-
nents and inflammatory markers (56), thickening of Bruch’s
membrane, patchy regions of RPE atrophy, and CNV. This
phenotype presents in a temporal, incompletely penetrant, and
noninvasive manner that is analogous to human AMD pro-
gression (43). Importantly, there is a robust, reproducible loss of
visual function associated with the development of the AMD
phenotype in these mice (42, 50) that mimics electrophysiological
abnormalities that are observed in patients with AMD (64, 65).
Although the exact mechanism by which APOE4 targeted re-
placement and high-fat diet contributes to Aβ deposition in the
sub-RPE region remains to be defined, conceivably, apoE4 ge-
notype and HFC diet could together alter the local or systemic
Aβ production or clearance. Consistent with this possibility, we
found that plasma Aβ levels are significantly elevated in APOE4-
HFC mice compared with normal diet controls (Fig. 6B).
In human AMD, Aβ deposition is associated with drusen in

AMD eyes, where it accumulates and colocalizes with activated
complement components (37, 39), but it is not typically observed
in drusen from normal eyes (38). Aβ is a known activator of the
complement system (37, 38, 66, 67) and has toxic effects on RPE
cells (68). Oligomeric, protofibrillar, and mature fibrillar forms
of Aβ have been detected in drusen using conformation-specific
antibodies (40, 41) and classic amyloid stains like thioflavin T
and Congo red (35, 37). Using the APOE4-HFC model, the
current study also implicates Aβ in the pathogenesis and pro-
gression of AMD, providing evidence that it contributes to sub-
RPE deposit formation, complement activation, RPE damage,
and ultimately, retinal dysfunction. These studies suggest that Aβ
acts as a trigger of the complement cascade either directly or as
a secondary consequence of upstream damage that invokes in-
flammatory processes and RPE damage. Consistent with such
a role is the remarkable protection from histopathologic changes
and visual dysfunction afforded by anti-Aβ immunotherapy.
Immunotherapies targeting the Aβ peptide, using vaccines or

antibodies, have been successfully applied to APP-based mouse
models of Alzheimer’s disease to reduce amyloid plaques and
improve cognitive performance (69). Currently, in humans, there
is no direct evidence that removing Aβ is harmful either in the

brain or retina. However, there have been some complications
associated with Alzheimer’s disease clinical trials of Aβ-targeting
therapies in which the observed side effects have been largely
attributed to aseptic meningoencephalitis in response to active
immunization with the first generation Aβ vaccine, AN-1792.
This side effect was observed in 6% of patients in phase II
clinical trials and eventually, was shown to be caused primarily by
brain infiltration of T lymphocytes (70–72). The anti-Aβ anti-
bodies used in this study were designed to target the C termini of
Aβ peptides, because these epitopes are normally buried in the
lipid bilayer in uncleaved APP and are predominantly exposed in
the pathological state. These antibodies were also designed with
a modified constant region (Fc) that does not bind to C1q or Fcγ
receptors, and hence, they do not trigger complement activation
or antibody-dependent cell-mediated cytotoxicity. The lack of
antibody-induced complement activation of these Fc-modified
anti-Aβ antibodies may be of high clinical relevance in the
context of AMD treatment, because complement pathway dys-
function is strongly implicated in AMD pathogenesis (33–36).
For example, the deglycosylated form of an anti-Aβ40 (2H6-D)
retained efficacy in ameliorating Alzheimer’s disease changes
and behavioral deficits in Tg2576 mice, and it exhibited a signifi-
cantly lower incidence of microhemorrhagic and inflammatory
brain lesions than the parent antibody (47, 48). In human treat-
ment with the humanized monoclonal anti-Aβ40 antibody, Pone-
zumab (PF-04360365), also without Fc effector function, thus
far shows no incidence of pathologic side effects.* In contrast, in
phase II Alzheimer’s disease trials, treatment with the humanized
monoclonal antibody, Bapineuzumab, which is directed against
the N terminus of Aβ and does not have a modified Fc region,
led to vasogenic edema in a significant subset of the Alzheimer’s
disease patients (73).
Initially, we showed that treatment with 2H6-D, the deglyco-

sylated monoclonal antibody binding Aβ40, was associated with
partial preservation of visual function and some attenuation of
RPE damage in APOE4-HFC mice (42). The current study not

Fig. 3. Human RPE flat mounts. (A–C) Confocal fluorescence images of RPE flat mounts from equivalent perimacular regions (RPE basal side up). (A) Seventy-
six year old (Y) Caucasian males with no history of ocular disease are shown; (B and C) 85 Y Caucasian females with clinically documented dry AMD in an area
with multiple binucleate RPE cells (arrowheads in B) and vacuoles (arrows in B) and an area with a trinucleate RPE cell (asterisk in C) is shown. (D–F) A–C are
segmented to highlight cell borders and nuclei using DOCAP. (Scale bar: 50 μm.)

*Landen J, et al., Safety and pharmacokinetics following a single infusion of the anti-
amyloid monoclonal antibody ponezumab (PF-04360365) in patients with mild-to-
moderate Alzheimer’s disease: Final results, Proceedings of the Alzheimer’s Association
International Conference on Alzheimer’s Disease, July 14, 2010, abstr P4.
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only confirmed these findings but also compared the efficacy of
two anti-Aβ antibodies targeting different forms of Aβ. We show
that systemic administration of an anti-Aβ40/42 bispecific anti-
body preserves retinal function and maintains normal RPE
morphology. These findings support our hypothesis that de-
creasing ocular Aβ is sufficient to protect the RPE, and they
suggest that amyloid-induced RPE damage leads to photore-
ceptor dysfunction and vision loss. The latter conclusion is based
on the observed attenuation of scotopic ERGs without change in
scotopic a- and b-wave ERG ratio and the lack of RPE damage
in anti-Aβ40/42–treated APOE4-HFC mice.
Although little histological damage to photoreceptors was

observed, visual function was affected, reflecting damage to cells
in the neural retina. The attenuation in b-wave amplitudes that
is observed in affected APOE4-HFC mice could be caused by
changes in overall rod photoreceptor activity leading to reduced
stimulation of rod bipolar cell light responses or changes at the
rod to rod bipolar cell synaptic level. Analysis of the ratios of
b- and a-wave amplitudes at given flash intensities revealed that
they are the same for control APOE4-ND and anti-Aβ40/42
antibody- and vehicle-treated APOE4-HFC animals over the
range of applied flash intensities. Therefore, attenuation in
b-wave amplitude coincides with attenuation in a-wave ampli-
tude without changing the b-/a-wave ratio. This finding supports
the notion that changes in the photoreceptor activity, secondary
to defects in RPE activity, are the likely mechanism for b-wave
attenuation in HFC-fed APOE4 animals rather than specific
damage to rod bipolar cells (51). Moreover, analysis of the dif-
ferent photoreceptor components of the b-wave stimulus-
response curves shows that rod-driven responses, but not cone-
driven responses, are attenuated, further localizing the visual
function deficit to rod photoreceptors (Fig. S3).

Rod-driven electrophysiological abnormalities are also ob-
served in patients with AMD. Feigl et al. (64) showed that there
is a functional impairment of the rods in early AMD patients
seen on multifocal electroretinograms. Owsley et al. (65) showed
that AMD patients had significant impairments in rod-mediated
parameters of dark adaptation (including rod sensitivity) com-
pared with age-matched adults with normal retinal health. These
deficits were increasingly abnormal as disease severity increased,
whereas cone-mediated parameters were not impaired in early
AMD. These functional correlates in the APOE4-HFC mouse
model of AMD also highlight the value of this disease model in
the understanding of early-stage AMD pathogenesis.
Taken together, our results support the feasibility of immu-

notherapeutic strategies targeting Aβ as treatments for AMD.
Because the presence of Aβ peptides in sub-RPE deposits has
been implicated in the pathologic processes associated with
AMD, we believe that treatment with anti-Aβ antibodies could
produce improvements in retinal function deficits observed in
both early and advanced stages of AMD, especially for those
patients in whom Aβ deposition is a feature of their disease. The
significance of the potential impact of an early-stage AMD ther-
apy cannot be overstated considering that AMD is the leading
cause of blindness in industrialized countries and that, currently,
there are no effective therapies for the dry form of the disease,
which affects the vast majority of AMD patients.

Materials and Methods
Mice.Mice were maintained in accordance with the Institutional Animal Care
and Use Committee at Duke University. APOE4-targeted replacement mice
expressing the E4 human apoE isoform were generated as described (74).

Human Tissue Procurement. Normal and AMD eyes used in these studies were
obtained from the North Carolina Eye Bank, the Lions Eye Bank, and the

Fig. 4. Aβ levels are reduced in sub-RPE deposits of anti-Aβ40/42–treated APOE4-HFC mouse eyes compared with those eyes of vehicle-treated APOE4-HFC
mice. Confocal immunofluorescence images depicting Aβ (red) and ApoE (green) detected in (A–C) normal diet APOE4 mice (ND), (D–F) HFC-fed APOE4 mice
(HFC), and (G–I) immunotherapy-treated APOE4-HFC mice (HFC–anti-Aβ40/42). Aβ immunolocalizes within the choroid (Ch) and in ApoE-positive basal
deposits (arrowheads in F). RPE autofluorescence (particulate red fluorescence) stemming from lipofuscin accumulation exhibited normal animal to animal
variation. Cell nuclei are stained with Hoechst 33342 (blue). BrM, Bruch’s membrane. (Scale bar: 20 μm.)
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Medical Eye Bank of Florida within up to 9 h of death (with an average
procurement time of 5 h and 29 min) (Table S1). Deidentified ophthalmic
clinical records were obtained for donors with a history of AMD to confirm
that they were from clinically diagnosed patients. A diagnosis of AMD was
based on the clinical record and verified by gross examination of the
posterior poles.

Antibodies. BALB/c female mice were immunized with keyhole limpet he-
mocyanin-conjugated Aβ28–40 or 29–42 peptides (Anaspec). Hybridomas
were generated and screened by ELISA. Positive clones were expanded and
IgG-purified using MabSelect protein A beads (Pierce).

Epitope Mapping. Ten-nanomolar biotinylated microscale peptide sets of 10
or 15 aa spanning the Aβ1–42 peptide (JPT Peptide Technologies GmbH)
were bound to microtiter plates (NUNC Maxisorp) precoated with Strepta-
vidin (Pierce) at 6 mg/mL in PBS, pH 7.4. Plates were washed and incubated
with 5 μg/mL anti-Aβ40/42 (RN6G) for 1 h in PBS containing 0.5% BSA and
0.05% Tween 20. Detection used peroxidase-conjugated goat IgG against
human κ-chain (MP Biomedicals) followed by TMB (3, 3’, 5, 5’ - Tetrame-
thylbenzidine) substrate (KPL).

hAPP Transfection. The hAPP full-length coding sequence was amplified and
cloned into the pcDNA3.2/V5/GW/D-TOPO vector (Invitrogen). The hAPP

Fig. 6. Visual function is protected in anti-Aβ40/42–treated APOE4-HFC mice in a dose-dependent fashion that correlates with plasma levels of Aβ. (A) Dose-
response study of ERG b-wave recovery in APOE4-HFC mice treated with three different doses of the anti-Aβ40/42 antibody. Baseline b-wave amplitudes are
a function of flash intensity obtained from APOE4-ND controls (black, ND) and APOE4-HFC controls (green, HFC). As shown in Fig. 1A, b-wave amplitudes in
the 3-mg/kg anti-Aβ40/42 antibody-treated APOE4-HFC animals (red, HFC 3 mg/kg) were fully preserved. In contrast, b-wave amplitudes in the 0.3- and 0.03-
mg/kg anti-Aβ40/42 antibody-treated APOE4-HFC mice (olive green, HFC 0.3 mg/kg; blue, HFC 0.03 mg/kg, respectively) decreased to the same level as vehicle-
treated APOE4-HFC animals (data are expressed as mean ± SEM). (B and C) Dose-dependent increase in plasma levels of Aβ and anti-Aβ40/42. Weekly i.p.
injections of anti-Aβ40/42 at 0 (vehicle), 0.03, 0.3, and 3 mg/kg produced a statistically significant, dose-dependent increase in the plasma levels of total
(bound and unbound) Aβ (B) that correlated with a dose-dependent increase in the concentrations of plasma anti-Aβ40/42 antibodies (C). Significant dif-
ference indicating a dose-dependent elevation of plasma (Aβ and anti-Aβ40/42) after increasing dose of antibody was shown by one-way ANOVA (P < 0.0001)
and the posttest for linear trend (i.e., dose-dependent change), which was significant at P < 0.0001. In addition, there is a statistically significant increase in
total Aβ plasma levels in response to the HFC diet compared with ND (*P < 0.05; B). Error bars represent SD.

Fig. 5. Deposition of complement C3 fragments (C3b/iC3b/C3c) in APOE4 mouse eyes and circulating in plasma. (A–C) Confocal immunofluorescence images
depicting immunolocalization of C3b/iC3b/C3c- (red) and ApoE- (green) positive basal deposits (arrows in B) of 75-wk-old (A) normal control APOE4-ND (ND),
(B) affected APOE4-HFC (HFC), and (C) anti-Aβ40/42–treated APOE4-HFC (HFC–anti-Aβ40/42) mice. C3 fragments are found in small, sub-RPE patches
(arrowheads in B). These patches are diminished in anti-Aβ40/42–treated APOE4-HFC and normal control APOE4-ND mice compared with affected APOE4-HFC
animals. BrM, Bruch’s membrane; Ch, choroid; RPE, retinal pigment epithelium. (Scale bar: 20 μm.) (D) Levels of circulating C3a/C3a desArg were measured by
ELISA in the plasma of normal control APOE4-ND (ND), affected APOE4-HFC (HFC), and anti-Aβ40/42–treated APOE4-HFC (HFC–anti-Aβ40/42) mice. There is
a statistically significant increase in C3a plasma levels in both groups of the HFC-fed APOE4 mice compared with the ND-fed controls (Student t test, **P <
0.01). Black horizontal bars indicate average C3a levels in each group.
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plasmid was transfected into transformed African green monkey kidney
COS-7 cells with Fugene HD (Roche Diagnostics); 48 h later, cells were har-
vested for antibody staining and analyzed by FACS (Aria system; BD).

Diet and Immunotherapy. Aged male APOE4 mice (n = 104; 65–87 wk) were
maintained on a normal rodent chow diet [normal diet (ND), Isopurina 5001;
Prolab], and a subset of these mice were switched to an HFC diet (n = 84; TD
88051; Harlan Teklad) for 8 wk. The APOE4-HFC mice were also subgrouped
based on antibody treatment (Tables S2 and S3). Mice were randomly
assigned to three treatment groups with even distribution by age.

Anti-Aβ antibody-injected animals received one time per week i.p. injec-
tions (3 mg/kg body weight/injection) of a deglycosylated (D) form of anti-
Aβ40 (2H6-D, anti-Aβ33–40, mouse IgG2b; Pfizer) (48, 75), anti-Aβ42 (7G10-D,
anti-Aβ28–42, mouse IgG1; Pfizer), or Fc-mutated anti-Aβ40/42 (RN6G, anti-
Aβ25–42, human IgG2a; Pfizer), which recognizes the C termini of Aβ40 and
Aβ42. Antibody doses and injection paradigms were based on established
parameters (42).

ERG. ERGs were recorded using the Espion E2 system (Diagnosys LLC) (42, 50).
Data analysis and fitting were performed as described (51). Personnel re-
sponsible for ERGs and assessment of pathology were masked to the identity
of treatment groups.

Histology. Mice were deeply anesthetized and perfused transcardially with
saline followed by fixative (4% paraformaldehyde in phosphate buffer, pH
7.4, for immunohistochemistry or amixture of 2% paraformaldehyde and 2%
glutaraldehyde in phosphate buffer for semithin and ultra-thin sections). For
semithin sections, eyeballs were enucleated; the cornea and lenses were
removed, dehydrated, embedded in Epon–Spurr resin, cut at 500 nm,
mounted on glass slides, and stained with toluidine blue. Sections were
examined under a Zeiss Axioplan 2 microscope (Thornwood).

EM.Mouse eyes were embedded with a mixture of Epon and Spurr resins and
polymerized at 60 °C for 36–48 h. Thin sections of ∼80 nmwere cut, mounted
on copper grids, counterstained with uranyl acetate and Sato’s lead, and
examined on a Tecnai G2 TWIN transmission electron microscope (FEI).

Immunohistochemistry.Mouse posterior eyecups were embedded in agar and
vibratome-sectioned at 50–100 μm. Sections were blocked in 10% normal
donkey serum (Jackson Immunoresearch), incubated overnight with primary
antibodies, incubated for 2 h in Alexa fluorophore-conjugated secondary
antibody (Invitrogen), and counterstained with Hoechst 33342 (Invitrogen).
Primary antibodies used were anti-rodent–specific Aβ (SIG-39157, 1:1,000;
Covance), anti-human apoE (178479, 1:5,000; Calbiochem), and anti-mouse
C3b/iC3b/C3c (HyCult clone 2/11, 1:1,000). Confocal images were acquired
using a Leica SP5 laser-scanning confocal microscope.

RPE Flat-Mount Preparations. Mouse. The neural retina was dissected from
unfixed posterior eyecups, leaving the RPE cell layer exposed, and then fixed
overnight in methanol. RPE cells were stained with a rabbit antibody against
ZO-1 (40–2200, 1:100; Invitrogen) and Hoechst 33342, and confocal images
were captured on a Nikon Eclipse C1 microscope.
Human. RPE flatmounts (basal side up) weremade from formalin-fixed human
donor eyes with andwithout documentedAMD; 4-mm-diameter punches just
outside the macula (perimacular) were obtained, the retina and sclera were

removed, and the punch was placed RPE side down on a slide. Choroid and
Bruch’s membrane were removed to expose the basal face of the RPE. The
RPE was stained with Hoechst 33342, and images were collected using a
Leica SP5 confocal microscope.

Morphometric analysis was performed with DOCAP software from images
of RPE flat mounts. All images were corrected with respect to local changes in
contrast, and after denoising, the image gradient, as a pilot estimate of the
cell borders, was calculated. Erroneous borders were removed, and com-
pensation was made for stippled nuclear Hoechst 33342 staining. Each closed
contour was assumed to be an individual cell. Segmented images were
reviewed by human graders, and errors in the automatic segmentation al-
gorithm were manually corrected. Area, eccentricity, and other morpho-
logical properties were measured for each cell.

Aβ ELISA. Mesoscale discovery (MSD) standard 96-well plates were coated
overnight at 4 °C with 2 μg/mL SIG-39153 (N-terminal mouse anti-Aβ capture
antibody; Signet) diluted in PBS buffer. Biotinylated mouse monoclonal anti-
Aβ antibody 4G8 (MSD) at 1 μg/mL was used for detection of mouse Aβ1-X
with sulfo-tag streptavidin (MSD).

Antibody ELISA. Anti-Aβ40 and -Aβ40/42 were measured in mouse plasma by
standard ELISA methods.

C3a ELISA. One hundred microliters 1 μg/mL rat anti-mouse C3a (also rec-
ognizes C3a desArg; BD Bioscience) were coated onto 96-well Nunc maxisorb
plates, incubated overnight at 4 °C, and blocked with 1% BSA; then, dilu-
tions of a C3a standard (BD Biosciences) and 1:300 dilutions of samples in 1%
BSA were added for 2 h followed by sequential incubations with 1:500 di-
lution of biotinylated rat anti-mouse C3a, streptavidin-peroxidase (Sigma),
and Sigma Fast OPD. OD at 450 nm was determined, and the concentration
was calculated using a standard curve.

Statistical Analysis. RPE cell size data (Fig. 2C) and C3a plasma levels (Fig. 5D)
were analyzed using an unpaired two-tailed Student t test. For data com-
paring the plasma antibody titer and total Aβ plasma level using the dif-
ferent doses of the same antibody, one-way ANOVA was applied (Fig. 6). For
data comparing the plasma antibody titer and total Aβ plasma-level effect
after the treatment of different classes of anti-Aβ antibodies, unpaired one-
tailed Student t test was applied followed by Welch’s correction (Fig. S4).
Statistical tests for each experiment are described in the figure legends with
relevant P values, and a significance level of 0.05 for all tests was used.
Statistical analyses were performed in Excel, MATLAB, or GraphPad Prism
statistical packages.
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